Objective-Gestational hypertension and preeclampsia involve dysregulated maternal inflammatory responses to pregnancy, but whether such responses differ between the disorders has not been determined. We aimed to investigate disease-specific early pregnancy serum cytokine profiles of women subsequently developing gestational hypertension or preeclampsia for new insight into the underlying pathogeneses and differences between the disorders. Approach and Results-The study cohort consisted of 548 pregnant Norwegian women who were either multiparous with previous gestational hypertension or preeclampsia or were nulliparous. Maternal sera at gestational weeks 11 0 -13 6 were assayed for 27 cytokines, C-reactive protein, total cholesterol, high-density lipoprotein, triglyceride, creatinine, calcium, uric acid, and placental growth factor. Compared with normotensive women, women with both hypertensive conditions presented an atherogenic lipid profile at early gestation, but only those later developing gestational hypertension had significantly higher serum levels of interleukin (IL)-5 and IL-12. Comparing the 2 hypertensive pregnancy disorders, women subsequently developing gestational hypertension had higher serum levels of IL-1β, IL-5, IL-7, IL-8, IL-13, basic fibroblast growth factor, and vascular endothelial growth factor than the women subsequently developing preeclampsia. Conclusions-This study identifies early pregnancy differences in serum cytokine profiles for gestational hypertension and preeclampsia.
H ypertensive disorders of pregnancy are major causes of maternal and fetal morbidity and mortality. [1] [2] [3] Most common is gestational hypertension, defined as new onset hypertension after 20 weeks gestation, affecting 2% to 17% of pregnant women. 1, 2 Preeclampsia is characterized by de novo hypertension with proteinuria after gestational week 20 and complicates 2% to 7% of pregnancies. 1 The distinction between the 2 diagnoses is not clear-cut, with several recent international clinical guidelines defining preeclampsia as hypertension combined with any from a list of signs and symptoms of end-organ damage, including proteinuria. 4, 5 Whether gestational hypertension and preeclampsia are separate disorders with the common clinical sign of hypertension, or part of a spectrum, is an ongoing debate. 6, 7 Several risk factors, including obesity and diabetes mellitus, are shared between the 2 conditions. 8 Primiparity is strongly associated with risk of developing preeclampsia only, and the risk of recurrence is higher for gestational hypertension, whereas both disorders are considered warning signs for future cardiovascular disease. 4, [8] [9] [10] [11] Most studies group these 2 conditions together or focus solely on preeclampsia. 6 A recent systematic review of the global incidence of hypertensive pregnancy disorders excluded gestational hypertension from the analysis because of the lack of specific studies. 12 Further research is warranted to specifically address the underlying pathogenesis of gestational hypertension and how it interrelates with preeclampsia.
Serum biomarkers reflecting underlying disease processes of hypertensive disorders of pregnancy include heightened C-reactive protein, implicating inflammation; a dyslipidemic lipid profile, suggesting ongoing atherosclerotic processes; altered creatinine and uric acid levels, indicating renal dysfunction; decreased calcium levels, reflecting metabolic changes; and reduced placental growth factor (PlGF), pointing to placental dysfunction. [13] [14] [15] [16] [17] [18] A shared pathophysiology
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Line H. Tangerås, Marie Austdal, Ragnhild B. Skråstad, Kjell Å. Salvesen, Rigmor Austgulen, Tone F. Bathen, Ann-Charlotte Iversen is indicated by dyslipidemia in early gestation and elevated C-reactive protein at clinical manifestation in both gestational hypertension and preeclampsia, whereas reduced PlGF levels are predominantly associated with preeclampsia. 15, [19] [20] [21] [22] More refined biomarkers identifying distinct components and differences between gestational hypertension and preeclampsia in early pregnancy are missing.
Gestational hypertension and preeclampsia are characterized as excessive maternal inflammatory responses to pregnancy. 23 Inflammation involves a complex network of cytokines released from stressed cells and damaged tissue. 23 Essential hypertension has been associated with increased serum levels of interleukin (IL)-1β, IL-6, IL-8, and tumor necrosis factor (TNF)-α, and an inflammatory cytokine profile is detected before disease manifestation. [24] [25] [26] Regarding hypertensive disorders of pregnancy, preeclampsia has been linked to increased serum levels of proinflammatory cytokines, such as IL-6, IL-8, and TNF-α, accompanied by an angiogenic factor imbalance, and for gestational hypertension, increased serum IL-1β, IL-10, and TNF-α has been reported. [27] [28] [29] [30] [31] [32] Information is limited for early pregnancy; serum IL-1β and TNF-α has been shown elevated before onset of disease in women developing preeclampsia, whereas gestational hypertension has not been separately investigated at early gestation. 33, 34 This study aimed to compare disease-specific early gestation serum cytokine profiles of women subsequently developing gestational hypertension or preeclampsia.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Characteristics of the Study Population
A flow chart describing the 640 pregnant women invited to the study and the final study population is shown in Figure  1 . Of the 548 pregnant women included in the final analyses, 504 (92%) remained normotensive throughout pregnancy, 19 (3.5%) developed gestational hypertension, and 25 (4.6%) developed preeclampsia. Of the 513 nulliparous women, 3.1% developed gestational hypertension and 3.9% preeclampsia, whereas of the 35 multiparous women, 8.6% developed gestational hypertension and 14.3% preeclampsia. All preeclamptic cases and 18 (95%) of the women developing gestational hypertension were classified as late onset (delivery after gestational week 34). Characteristics of the final study population are shown in Table 1 and are further described in Skråstad et al. 35 In the study population, 98.5% of the women were classified as white. Compared with normotensive women at gestational weeks 11 0 -13 6 , women who later developed gestational hypertension had significantly higher body mass index, whereas women who later developed preeclampsia had higher uterine artery pulsatile index (UtAPI; Table 1 ). Systolic and diastolic blood pressure was significantly higher in both case groups, but below the threshold for hypertension (Table  1) . Only women who subsequently developed preeclampsia delivered significantly smaller babies and at an earlier gestation compared with normotensive women (Table 1) .
Early Pregnancy Serum Profiles of Hypertensive Pregnancy Disorders Compared With Normotensive Pregnancies
Serum levels of cytokines and serum markers are shown in Tables 2 and 3 Figure 1 . Flowchart of the study population of pregnant women. GA indicates gestational age. *Corresponding to fetal crown-rump length of 45 to 84 mm. †Conditions apparent at study visit resulting in exclusion included self-reported chronic hypertension, twin pregnancy, missed abortion, crown-rump length >84 mm, abnormal fetal anatomy, use of acetyl salicylic acid or low molecular weight heparin during pregnancy, and multiparity without a history of gestational hypertension or preeclampsia in a previous pregnancy. ‡Conditions appearing after study visit resulting in exclusion included termination of pregnancy, spontaneous abortion, and women who could not be venepunctured.
gestational hypertension showed significantly higher serum levels of IL-5 and IL-12 compared with normotensive women at gestational weeks 11 0 -13 6 ( Table 2 ). In contrast, the serum cytokine profile of women who subsequently developed preeclampsia did not differ from normotensive women at this gestational age (Table 2) . Women who later developed either of the hypertensive pregnancy disorders showed an atherogenic serum lipid profile compared with women with normotensive pregnancies; significantly higher levels of serum triglyceride was associated with gestational hypertension, whereas lower levels of high-density lipoprotein and higher levels of low-density lipoprotein was associated with preeclampsia ( Table 3) . As expected, women who later developed preeclampsia had significantly lower serum PlGF than normotensive women at gestational weeks 11 0 -13 6 (Table 3) . Adjusting for body mass index and mean arterial pressure did not eliminate cytokine or serum marker differences between the 3 outcome groups, except for the significant difference in triglyceride levels between later gestational hypertension and normotensive pregnancies (data not shown). The significant cytokine or serum marker differences between the 3 outcome groups were not affected by including outlier values (data not shown). Comparisons of the 2 case groups with the rest of the cohort (including women with other pregnancy complications) yielded the same significant differences as when comparing with the normotensive control group (data not shown).
Early Pregnancy Serum Profiles Comparing Gestational Hypertension and Preeclampsia
The early pregnancy serum cytokine profile clearly differed between women who later developed gestational hypertension and those who developed preeclampsia, whereas the serum markers did not distinguish between the 2 disorders at 11 0 -13 6 weeks gestational age (Tables 2 and 3 ). Women later developing gestational hypertension showed higher serum levels of IL-1β, IL-5, IL-7, IL-8, IL-13, and basic fibroblast growth factor compared with women later developing preeclampsia (Table 2 and Figure I in the online-only Data Supplement). When only nulliparous women were included in the analyses, IL-1β, IL-5, IL-7, and IL-8 remained significantly different, and additionally, serum levels of granulocyte colony-stimulating factor were significantly higher in women who later developed gestational hypertension compared with women who later developed preeclampsia. These cytokine values are presented in scatterplots labeled for parity for women who subsequently developed gestational hypertension or preeclampsia ( Figure II in the online-only Data Supplement). Multivariate analysis combines variables that are not necessarily significant on their own into combinations of variables that may be characteristic for a specific class. Partial least squares discriminant analysis (PLS-DA) compresses multiple variables into simpler and more information-rich latent variables, and the resulting PLS-DA model can be visualized with score and loading plots. 38 Variable importance in projection is a method of assessing which variables are most important to the model; a score ≥1 indicates that the variable is important in discriminating between groups. 39 PLS-DA is prone to overfitting, so to ensure that an equally good model cannot be built from randomly assigned classes, classification results are validated by permutation testing. 40 In permutation testing, classes are shuffled and models built using the same parameters. The classification error is recorded and the process repeated 1000 times, giving a distribution of errors for the null hypothesis that no difference exists between classes. The results obtained from the true classes should be outside the 95% confidence interval of the permutated result for the model to be considered valid. 40 Maternal serum cytokines, serum markers, and selected population characteristics (maternal age, body mass index, mean arterial pressure, UtAPI, and gestational age at enrolment) were further explored by multivariate analysis to uncover group differences and covariance (valid models; P≤0.05 by permutation testing). PLS-DA classified serum cytokine profiles as gestational hypertension or preeclampsia with 74% accuracy (sensitivity=0.68 and specificity=0.80, 8 latent variables; Table 4 and Figure 2 ). This confirmed that serum cytokine profiles clearly separated between the hypertensive pregnancy disorders. The score plot ; ‡MoM calculations were performed by Perkin Elmer, based on median values from a large reference population. 35, 37 ( Figure 2A ) displays the separation between the hypertensive disorders, with pregnant women in each group represented by symbols, and the loading plot ( Figure 2B) shows the magnitude of contribution for each of the 25 cytokines as indicated on the variable importance in projection color scale. Women who later developed gestational hypertension could by multivariate analysis be distinguished from later preeclamptic women by their higher serum levels of, in order of importance, vascular endothelial growth factor A, IL-5, IL-4, IL-8, interferon-γ-induced protein 10, IL-12, and interferon-γ at 11 0 -13 6 weeks gestational age. The PLS-DA models using serum markers or clinical characteristics as input were not significant, underlining that only serum cytokines contributed useful information to separate between pregnant women who later developed gestational hypertension or preeclampsia (Table 4 and Figure 2 ).
Discussion
This study revealed that the serum cytokine profile of women who subsequently developed gestational hypertension differed considerably from that of women who subsequently developed preeclampsia, revealing novel distinctive features of these hypertensive pregnancy disorders at early gestation. Subsequent development of gestational hypertension, but not preeclampsia, could at gestational age 11 0 -13 6 weeks be distinguished from normotensive pregnancies by serum cytokines. Maternal body mass index and mean arterial pressure at study visit did not influence the differences in serum cytokine levels, confirming that the cytokine profiles reflected underlying early disease development. These findings clearly indicate differences in the underlying pathogeneses of gestational hypertension and preeclampsia, highlighting the importance of separately addressing the 2 conditions. The sensitivity is for detecting a preeclampsia sample using PLS-DA. Classification accuracy, sensitivity, and specificity are from the leave-one-out cross validation. P-values are from permutation testing the model with 1000 repeats. BMI indicates body mass index; hsCRP, high-sensitivity C-reactive protein; IL, interleukin; IP, interferon (IFN)-γ-induced protein; LVs, latent variables; MAP, mean arterial pressure; PLS-DA, partial least squares discriminant analysis; UtAPI, uterine artery pulsatile index; and VIP, variable importance in projection.
*Includes 25 cytokines (Human Cytokine Group I multiplex panel). †Includes hsCRP, total cholesterol, high-density and low-density lipoprotein, triglyceride, creatinine, uric acid, calcium, and placental growth factor. ‡Includes maternal age, BMI, MAP, UtAPI, and gestational age at enrolment.
Figure 2.
Partial least squares discriminant analysis (PLS-DA) classification of serum samples at gestational weeks 11 0 -13 6 from women later developing gestational hypertension (GH; n=19) or preeclampsia (PE; n=25). PLS-DA compresses multiple variables into simpler latent variables which contain most of the variation in the data set, and the resulting PLS-DA model can be visualized with score and loading plots. The score plot shows each pregnant woman as an object in the latent variable space, and the loading plot shows each cytokine's contribution to defining latent variables. Comparing the score plot to the loading plot gives information about which individual cytokines are reduced or increased when women later developing gestational hypertension are compared with women later developing preeclampsia. A, 2D score plot for model using serum cytokine profiles. B, 2D loading plot for model using serum cytokine profiles, showing variable importance in projection (VIP) score grading of variables by color intensity. The score and loading plots for the first 2 LVs are shown, with additional clustering information found in the subsequent LVs. Only variables with VIP scores ≥1 were considered important to the model. 39 IL indicates interleukin; IP, interferon (IFN)-g-induced protein; LV, latent variable; and VEGF, vascular endothelial growth factor.
Serum cytokine levels were increased in women later developing gestational hypertension compared with those with normotensive pregnancies, with concomitant rise of proinflammatory IL-12 and anti-inflammatory IL-5 at early gestation. Although proinflammatory cytokines promote inflammation, endothelial activation, and elevated blood pressure, 41, 42 the simultaneous increase of their anti-inflammatory counterparts might represent an early compensatory mechanisms, possibly counteracting endothelial dysfunction. 43 Similar serum cytokine profiles of both pro-and anti-inflammatory nature have been reported at term for gestational hypertension. 28, 29 A first trimester study by Wolf et al concluded that inflammatory activation, assessed by high-sensitivity C-reactive protein measurements, was not associated with gestational hypertension, 44 but our somewhat contradictory findings result from a more comprehensive cytokine profiling approach. For preeclampsia, serum cytokine profiling has previously shown results ranging from elevated first trimester IL-1β levels predicting early onset disease 34 to no cytokine differences before clinical manifestation of early or late onset preeclampsia. 45, 46 We did not find any such differences in our cohort of late onset preeclampsia compared with normotensive pregnancies.
The increased serum levels of cytokines IL-1β and IL-8 identified in early detection of late-stage gestational hypertension in comparison to preeclampsia point to systemic stress and inflammation. 47, 48 Higher levels of IL-1β have been detected at term for gestational hypertension compared with preeclampsia. 28 The anti-inflammatory cytokines IL-5 and IL-13 and proangiogenic basic fibroblast growth factor and vascular endothelial growth factor A shown elevated in this early detection of late-stage gestational hypertension in comparison to preeclampsia could reflect a vascular rescue mechanism. 43, 49 The first stage of the preeclampsia pathogenesis is characterized by placental dysfunction, which in this study was evident at gestational weeks 11 0 -13 6 by reduced PlGF levels and higher UtAPI compared with normotensive women. 21, 22 The initial placental insufficiency eventually manifests systemically closer to term, 50 but based on our data, the maternal serum cytokine response is not initiated at this early gestation in late-onset preeclamptic pregnancies. For lateonset gestational hypertension, our data indicate that systemic inflammatory activation is initiated in early pregnancy, but is subdued by compensatory mechanisms. This implies that cytokine profiling at gestational age 11 0 -13 6 weeks represents a novel tool to characterize early maternal responses in gestational hypertension, whereas preeclampsia is better identified by markers like PlGF, reflecting the local placental disease at this early stage. For both hypertensive pregnancy conditions, dyslipidemia manifested in early gestation, reflecting their previously reported atherogenic nature, 19, 20 but unlike serum cytokines, lipid profiling could not distinguish between the hypertensive pregnancy conditions. Interestingly, the distinct cytokine profile for gestational hypertension at gestational age 11 0 -13 6 weeks resembles allergic responses characterized by elevated levels of IL-4, IL-5, and IL-13, 51 but the incidence of self-reported allergic or asthmatic disease or medication did not differ between the groups in this cohort, and such a link could therefore not be substantiated.
The serum cytokine profiles reported here are based on a cross-sectional study design, which prevents comparison of cytokine kinetics throughout pregnancy for the 2 disorders, but the importance of revealing the distinct characteristics of gestational hypertension at this early gestation remains. A limitation of this study is the relatively small number of cases, but we find these numbers to be comparable to previous casecontrol studies investigating serum cytokines in hypertensive pregnancy disorders, 33, 34, 53 and our study includes a larger control group. Because our medium-to high-risk cohort predominantly included women developing late-onset gestational hypertension or preeclampsia, the findings presented here should be followed-up in a general pregnant population with larger groups, including early-and late-onset disease. Because maternal ethnicity is known to affect the levels of first trimester serum biomarkers, such as PlGF and cytokines, 53 ,54 these findings should be investigated in study populations of other ethnical origins. The issue of whether gestational hypertension and preeclampsia are separate disorders with the common clinical sign of hypertension, or part of a spectrum, has not been settled. 6 The findings of this study support the former, with marked differences in early pregnancy cytokine profiles for gestational hypertension and preeclampsia, reflecting different underlying pathogeneses. Our findings strongly suggest that these hypertensive pregnancy disorders should be addressed separately in future studies.
